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C'orrelation bafween heart rate and oxygen consumption in rodents. The Belding ground squirrels (Sjwmo~hilus beldingi beldingi), California ground squirrel (S. beecheyi paruuhs), golden-mantled squirrel (X lateralis chrysodeirus), and hushytailed woodrat (Neotoma cineraa acraia) used in this study were trapped in the wild and experiments were begun within one week of capture. The California mice (Peromyscus cahfornicus insignis) were from a colony started from wild-trapped animals in 1967, the golden hamster (Muocricetus auralus) was purchased from a local pet store, and the albino laboratory rats were purchased from the Holtzman Co. All of the animals were given food and water ad libitum throughout the study.
metabolism; circulation; radiotelemetry; calorimetry; temperature; environment THE RELATIONSHIP BETTWEEN energy expenditure and heart rate has been examined systematically in man (I, 5, 6, 9, 10, 12, 16), sheep (25), and the blue-winged teal (20) with the intention of determining whether the heart rate could be used as a means of indirect calorimetry.
The relationship has not been examined using simultaneous recordings of heart rate and metabolic rate in small mammals, probably because the maintenance of hard-wire recording leads to small active mammals, while simultaneously measuring oxygen consumption, involves disturbance of the animal and is difficult to accomplish (17). The sheep and human subjects were not disturbed by the recording apparatus and the data from the blue-winged teal were transmitted by radiotelemetry transmitters which, although attached externally, presumably did not disturb the birds. In all of these studies there was a positive correlation of the metabolic rate with the heart rate that was judged sufficiently good to be of utility as a form of indirect calorimetry.
The initial procedure was the surgical implantation of the radio teleme try transmitters.
Each transmitter was constructed of discrete electronic components. In this study we employed radiotelemetry transmitters that were implanted surgically to minimize disturbance, and we measured simultaneously the heart rates (fb) and oxygen consumption (VU~) of a series of small rodents. Some of the data presented here have appeared previously in abstract form (18, 19) .
In addition, we compared our results with data from other small mammals from which both voz and fh were recorded at a number of ambient temperatures, but not simultaneously.
Prior to implantation, the animals were deeply anesthetized with SO-70 mg/kg sodium pentobarbital (Nembutal) or ether, and a midventral incision 1-2 cm long was made through the abdominal wall. The transmitter was placed in the peritoneal cavity and the insulated electrode was guided subcutaneously to the sternal region ventral to the heart, where it was sutured to the underlying muscles. The incision was then closed with silk thread. This arrangement produced excellent electrocardiograms with clearly distinguishable R waves. After recovery from anesthesia, the animals appeared to be unaware of the presence of the transmitters, and over the course of a month there was seldom any evidence of adverse tissue reaction to the transmitters. Oxygen consumption was measured using a paramagnetic oxygen analyzer (Beckman E-2) and an open-flow system. The animal was placed in a glass or acrylic chamber, the volume of which was normally no more than 20 times the volume of the animal, and which, with the exception of the 900-ml glass chamber in which the Peromyscus were measured, contained a small fan blade to mix the air. The chamber was then placed in a stirred water bath for temperature control. Outdoor air was adjusted to the temperature of the water bath, and passed through the chamber at the highest rate which allowed accurate recording of the oxygen consumption (1,000 ml/min for the small r;-animals, up to 3,000 ml/min for the larger animals). A f sample of the air, after it had passed through the chamber, TE was dried, the carbon dioxide removed, and the concentra-?' tion of oxygen remaining measured by the oxygen analyzer. differ from the other data in that the fh and vo2 values were averaged over lo-min periods at the time of collection.
RESULTS
There were direct correlations between the fh and J?oz for each animal examined in this study. Where the relationships were relatively linear, as they were for the Belding ground squirrels ( Fig. 1) , four of the five albino rats ( The relationships between fh and vu2 were clearly not linear for one albino rat (Fig. 2 , no. 6), the California mice ( Fig. 3 
The OP can be calculated from the data in Figs. l-5 and is plotted in Fig. 6 as a function This confidence interval is on the order of & 1 ml O&g w hr) at any fh for the rats and squirrels. It was calculated only for data to which a linear regression line could be fitted. If the regression of Voz on fh is linear, Fig. 6 shows that the amount of oxygen utilized per heart beat tends to change (either increase or decrease depending on the slope of the regression) at a decreasing rate as the fh increases.
Thus, the higher the fh , the smaller is the change in OP with further fh increase. If the OP were to remain constant as the fh changed, it would mean that changes in the fh accounted for all of the increased oxygen transport. Evidently (with the exception of S. beecileyi) where the regression of VOW on fh is linear, the fh contributes a progressively larger percentage of the increased oxygen transport as the heart speeds, tending in some cases toward nearly 100 % (e.g., S. beldingi 66, 67, and 63). In other cases (e.g., S. beldingi 45), changes in OP (whether caused by changes in SV, (A-V)02 diff, or both) remained quite important even at the highest fh observed.
Where the regression of Voz on fh was not linear, the relationship between fh and OP became more complex. In all such relationships in the present study, the OP tended to remain constant at lower f& and to increase at higher fh's, the converse of the previous situation, In these animals, therefore, particularly in the Peromyscus where the effect was most consistent, an increase in the fh was of great importance, compared to changes in the SV or (A-V)02 diff, except at the highest fh values.
It seems reasonable that as the fh increases there would come a point at which decreased diastolic filling time, and a consequently decreased SV, would offset any advantages of further increase in fh . Further increases in 02 transport would then have to be met bv increased 02 extraction from the blood (i.e., increased (A-V)02 diff). Rushmer (21) has shown that there is, in fact, very little change in the SV of dogs and humans at any fh and that increased 02 transport is met by a combination of increased fh and (A-V)02 diff. The data compiled by Rushmer on humans and the work of Davies (10) indicate that at fh's near the maximum level there are further increases in the ii02 with only small additional change in fh . These patterns are similar to those observed in the California mice and the hamster in the present study. In these animals, as maximum fh is approached, further increases in 02 transport must depend on increased (A-V)02 diff. We did not observe this pattern in most of the larger animals we examined, probably because maximum fh's were not achieved in the absence of forced exercise. In the smaller animals, however, environmental changes did result in fh's near maximum.
It is tempting to speculate that since larger animals are less closely coupled to environmental changes, the environmental extremes we used were neither great enough nor of sufficient duration to cause maximum f;l. Many of the larger animals were clearly in distress at the extremes of temperature and convection we used; thus, it seems more likely that maximum fh's do not occur in the larger rodents in the absence of exercise.
Com@wz with other species. Relationships similar to those in our data can be calculated from data in other studies in which the fh and voz were measured at different times, but at controlled ambient temperatures and under similar conditions of activity. HEART RATE 600 700 TABLE 1. Identification of species, body weights, and references comprising the regression lines in Fig. 7 ^_ .
No. on See Table 1 from Figs. l-5 plotted with regressions derived from other publications. Table 1 identifies the animals, their weights, and the sources of the data. For all of the animals represented in Fig. 7 , there is a direct correlation between the fh and the VO:! l The types of regressions observed in this study occur for all the small mammals included in Fig. 7 Compounding the problem is the fact that exhaled air is mixed with chamber air so that rapid changes of voz are damped, and those of short duration are never observed. The high-flow rates and small-chamber volumes used in this study minimize the problem but cannot eliminate it. The amount of variability observed in a particular experiment was related to the amount of activity (although activity levels were not formally monitored) because, in an animal active spontaneously, the fh is quite variable, but transient changes in the J?oa are damped.
If voz values were recorded only during periods in which fh remained constant, much of the variability might be eliminated but at the expense of not knowing if there were variability inherent in normally fluctuating fh . A better alternative would be the use of a closed system with an extremely rapid response, coupled with a device which would integrate fh and voz over short periods of time.
Variability of regressions. Not only do the shapes and slopes of the regressions of J?oz on fh vary between individuals of the same species and body weight, but they vary somewhat for the same individual on different days. In the species we examined, the variation between days (even when the days were as much as a month apart) was not great, but it did contribute to the overall variability of the correlation. A possibility which has been examined in man and sheep is that the regression of voz on fh may vary depending on the factors leading to a change in the fh . In man there appears always to be a stable regression during exercise (5, 12, 16) but either a different regression (12, 16) or an unstable meaningless one (5) during inactivity. In these studies, however, the range of fh during inactivity was small and energy input was not manipulated to cause a change in vo, . In sheep apparently little activity was allowed and changes in fh and vo2 were caused by changing environmental parameters (temperature, wind speed, infrared radiation), and independently, the amount of food (25). In t\vo of the four sheep, the regressions resulting from feeding differed from those caused by changing the environment, although in two others there was no significant difference. In the present study, the animals were not fed while in the metabolism chambers and they were free to be active. Occasionally a sustained burst of activity would occur at neutral ambient temperatures, and whenever this happened
